Sleep length depends on genetic determinants and on a large number of factors where volitional control and processes associated with circadian rhythms are among the most significant in humans [7] [8] [9] [10] [11] .
On the other hand, the magnitude of EEG waves recorded from the scalp is a function of both, the size of the potentials generated by each neuron and the number of neurons discharging synchronously [15] [16] [17] . There is direct evidence that visual deprivation can alter the neuronal organization of the cerebral cortex leading to its irreversible deterioration [18] . Accordingly, the decrease in the network size due to visual pathway degeneration could lead to a perturbation in electroencephalographic and sleeping processes. Additionally, since the biological rhythms are regulated by visual inputs; the absence of these inputs may affect the circadian and ultradian organization of sleeping processes inducing an alteration in the sleep architecture.
Methods
This study was carried out according to human criteria and institutional approval. Likewise, verbal consent from the subjects was obtained.
Subjects
Ten blind adults, 7 men and 3 women, chosen from a sample of 110 subjects entered the nocturnal sleep study. Their age average was 30.50 ± 12.50 years; all of them reported no light perception at all, which was corroborated through photic stimulation delivered by an Alvar "Soneclat" photostimulator. Selection of the subjects, who had similar education background, was based on their responses to a questionnaire in which we inquired on their ophthalmic and systemic health, including sleep quality and lifestyle (e.g., those with alcohol and tobacco consumption were excluded). In order to be included in the present study, the subjects were required to remain awake during the day and not to take diurnal naps, which could result in circadian desynchrony of sleep distribution.
Abstract
The sleep patterns of ten blind adults and their matched controls were studied during three consecutive nights. The first night was allowed for adaptation. Significant electroencephalographic and quantitative findings were obtained from nights 2 and 3. Although alpha-like rhythm was registered in only one blind subject during wakefulness, it was displayed by 8 of the 10 blind participants of this study during REM sleep. This rhythm was also present during the N2 sleep stage. The delta phase of sleep was markedly reduced as compared to the healthy subjects. Mean duration of REM sleep episodes was significantly longer in blind subjects; in contrast, their frequency was lower than in the corresponding control subjects. Total sleep time and sleep efficiency was noticeably shorter in blind subjects.
Introduction
Two different sleep states, Non-REM sleep (NREM) and rapid eye movement (REM) sleep, have been described in humans based on electrophysiological parameters [1, 2] . NREM sleep is conventionally subdivided into 3 stages [3] , which are characterized by different EEG patterns. The third stage is commonly described as delta or N3 sleep [4] . In addition, muscular activity is hypotonic and ocular movements are scarce or absent. REM sleep, in contrast, is defined by EEG activation, presence of sawtooth waves (trains of frontocentral waves at 2.5 hz and 20 to 100 µv of amplitude), muscle atonia, and episodic bursts of rapid eye movements [4] .
The normal human adult enters sleep through NREM sleep. REM sleep does not occur until 80 min or longer thereafter and both sleep states alternate cyclically through the night with a period of about 90 min [1, 5] .
REM sleep tends to be more abundant in the last third of the night. The preferential distribution of REM sleep towards the latter portion of the night in normal adults is thought to be linked to a circadian oscillator [6] .
Control subjects
Ten Control healthy subjects, matched in sex and age with blind individuals, were recruited from the community. They did not present any sleep problems or medical disorders requiring medical treatment that could influence sleep or alertness.
Procedure
The selected subjects, who had been free of stimulant, sedativehypnotic, or other psychotropic medications, were polygraphically monitored during the night. Silver disk electrodes were attached with collodion to obtain monopolar EEG from C3/A2 and C4/ A1 derivations according to the 10-20 International System [19] . Electrodes for monitoring the electro-oculogram (EOG) were fixed at the external canthus of each eye. Electromyogram (EMG) was obtained from electrodes placed on the chin. The electrocardiogram (EKG) was recorded from electrodes placed on the wrist of the left hand and on the ipsilateral leg. Respiratory rate was obtained by means of a thermistor placed in the nostrils.
Collection and analysis of data
Subjects laid on a bed placed inside a shielded, sound-attenuated chamber. Recordings were obtained by a 10-channel Alvar Reega X electroencephalograph at a paper speed of 15 mm/s. Lights were turned off at 23:00 hours and subjects were urged to stay in bed until 06:00 hours the following morning. This interval was established according to the customary sleep schedule of the studied individuals. Subjects were monitored for 3 successive nights. Night 1 was allowed for adaptation and data presented here were obtained during nights 2 and 3.
Polygraphic recordings were visually analyzed and scored in 20 s epochs according to the system by the American Academy of Sleep Medicine and Rechtschaffen and Kales [3, 20] . REM sleep latency in minutes was defined as the time elapsed from sleep onset to the 0first epoch scored as REM sleep. The total time spent in each sleep stage during the recording period was assessed and the percentage within the period calculated. Mean duration of each sleep state as well as of each sleep cycle were obtained. Scoring reliability was 89%, when comparing the independent judgment of two scorers. Data from night 2 and 3 were compared using paired t-tests.
Heart and respiratory rate values obtained throughout the vigilance states were compared by a 2 way ANOVA and subsequent contrast using Tukey's test.
Results
Control subjects displayed typical polysomnographic patterns across the sleep-wake cycle. Blind subjects, in general, presented both NREM sleep and REM sleep as described for normal individuals. However, important qualitative and quantitative differences were detected throughout the nocturnal recordings.
NREM sleep
At the beginning of the recordings, subjects were awake. During this period, brain activity consisted of a low voltage mixed frequency wave pattern. Alpha-like rhythm was absent in all, excepting one of the ten blind recorded subjects. In the exceptional case, alphalike waves displayed a spindle-like distribution in a waxing-waning amplitude sequence (Figure 1 ).
After a variable period of relaxed wakefulness, blind subjects entered stage N1 of sleep, a transitional phase between full wakefulness and clear sleep. During this stage, the EEG patterns were similar to those in normal individuals.
In addition to the typical EEG patterns of stage N2 of sleep, there were bursts of alpha-like rhythm in two of the studied blind subjects (Figure 2 ). These alpha-like bursts frequently preceded or followed sleep spindles or K complexes. Moreover, faintly perceptible low amplitude sleep spindles appeared near the transition between stages N1 and N2, early during sleep. These electrographic signs became greater as stage N2 progressed.
As stage N2 of sleep developed, sporadic high voltage slow waves appeared gradually. However, this activity hardly met the criteria for N3 sleep stage. When present, this stage had a very brief duration reaching 2.5 and 10.50 minutes in the second and third night respectively in all the studied blind subjects (Table 1) .
REM sleep
The EEG pattern of this state of sleep was similar to that described in normal subjects. Sawtooth waves preceded or concurred with eye movements in subjects that had eye balls, showing a mean of 2.3 sawtooth waves bursts per REM sleep stage. In addition, bursts of alpha-like wave activity were displayed during REM sleep by 8 of the 10 recorded blind subjects ( Figure 3 ).
EMG
Low amplitude EMG activity was present throughout all NREM sleep stages. No discrete change in EMG amplitude in the waking to sleep transition was usually observed, although a gradual decrease in EMG signal amplitude sometimes occurred. The EMG during N2 sleep stage was tonically active, generally at lower amplitude than that observed in wakefulness. During delta sleep, this signal was tonically active, although its tracing occasionally fell to very low levels similar to those of REM sleep, where muscular tone was extremely low or absent. However, frequent twitches were present during this period.
Heart rate
Heart rate decreased significantly (p < 0.05) when passing from wakefulness (72.75 beats/min) to stage N1 sleep (66.67 beats/min). This value did not show additional significant variations throughout the sleep cycle as judged by the mean frequency observed during stage N2 sleep (67.02 beats/min) and REM sleep (66.02 beats/min). Similar heart rate tendency was observed in control subjects. (W, 70.02; N1, 63.89; N2, 62.26; REM sleep 62.00) (Figure 4 ). Data differences between blinds and control subjects were not statistically significant.
Respiratory activity
During steady NREM sleep, breathing was remarkably regular in both amplitude and frequency showing the lowest index of variability of all vigilance states. Breathing frequency averaged 17.70 breaths/ min in blind subjects during wakefulness. This frequency decreased to 15.58 breaths/min when passing to NREM sleep, and it increased slightly (17. 30) in REM sleep ( Figure 5 ).
Breathing during REM sleep was irregular displaying a mean frequency similar to that in wakefulness. The irregularity consisted of sudden changes in both respiratory amplitude and frequency, at times interrupted by central apneas lasting 10 to 30 sec. The breathing irregularities did not occur at random but were linked to bursts of REMs. Control subjects displayed similar respiratory data. 
Rhythmic alpha activity is observed on the second EEG tracing and Respiratory (R).
TST: Total Sleep Time; SE: Sleep Efficiency; B: Blind subjects; C: Control subjects. 
NREM/REM cycle sequence
Blind subjects entered sleep by stage 1 NREM sleep, followed by stage N2 and then by REM sleep. As mentioned above, stage N3 sleep was almost absent. REM sleep was followed either by stage N1 or stage N2 and then by REM sleep again, so NREM sleep stages N1 or N2 alternated with REM sleep cyclically through the night (Figure 6 ).
Duration of REM sleep stage in the first cycle of the night was usually short and it generally became longer throughout the night.
In contrast to blind subjects, stage N3 sleep was present in control subjects, particularly in the first part of the night. In this case, sleep entered by stage N1 followed by stages N2 and then N3. Before the start of the REM sleep, subjects returned to stage N2 sleep. 
Data description
In spite of the fact that blind subjects were urged to stay in bed from 23:00 to 06:00 hours, they hardly completed 6 hours of sleeping time. Their sleep efficiency was 73% and 68% for the second and third recording nights, respectively. In contrast, the sleep efficiency in control subjects was 89% and 91% respectively ( Figure 7 , Table 1 ).
Both blind and control subjects spent most of the total sleeping time in light sleep (N1 + N2) during the two evaluated nights ( Figure  8 , Table 1 ). REM sleep percentages displayed during the second and third recording nights were similar to those in control subjects (Table  1) . Delta sleep (N3) was practically absent since it was present only in 6 subjects, with a mean of 2.50 min (0.82% of total sleep time) for the second recording night and 10.50 min (3.66% of total sleep time) for the third one. Mean latency of REM sleep stage for the second recording night was 84.75 ± 41.10 min and 105.68 ± 36.07 min for the third night. Similar REM sleep latencies were observed in control subjects (88.43 ± 32.13 and 97 ± 33. 19 min for the second and the third night respectively). The number of sleep cycles was very variable from one subject to the next. An average of 3.35 ± 0.87 cycles for the second and 2.62 ± 0.99 cycles for the third recording night were observed. Control subjects exhibited 3.70 ± 1.09 and 6 ± 1.10 cycles for the second and the third night respectively. Mean duration of REM sleep episodes in blind subjects was 20.05 ± 6.70 min (Mean ± SD) for the second night and 26.78 ± 8.32 min for the third night. In contrast, values showed by control subjects were significantly shorter (13.40 ± 5.10 and 17. 67 ± 4.90 respectively). Mean of total sleeping time showed by blind subjects was 303.57 ± 89 min and 287.01 ± 92 min for the second and third recording nights, respectively. These values were significantly lower (p < 0.05) than those in control subjects (374 ± 72 min and 382 ± 76 min respectively).
Discussion

EEG patterns
Brain electrical activity shown by the blind subjects throughout the sleep-waking cycle was similar to controls and to that previously reported in normal individuals [1, 5] . However, some important differences must be mentioned. Among these differences, the presence of alpha-like rhythm during N2 sleep stage in blind subjects is worthy of note. This sleep pattern was first described in patients with psychiatric disorders [21] . A similar pattern has been observed in patients with muscle-skeletal pain or fibrositis who complain of nonrestorative sleep and excessive daytime sleepiness [22] [23] [24] . These sleep disorders might be originated by frequent brief arousals caused by the disease during nocturnal sleep. This would explain the intrusion of alpha-like rhythm into N2 sleep stage in blindness people as shown in other studies [25] . Such brief arousals are a common feature in elderly subjects [26] . In our experimental subjects, perhaps the intrusion of alpha-like rhythm during sleep could reflect imperceptible brief arousals; even though, these individuals seemed to be behaviorally sleeping deeply.
On the other hand, it is quite probable that this alpha-like rhythm really corresponds to mu waves since existing evidence indicates that mu and other alpha-like rhythms are independent phenomena because they generate from different sources [27] . In a study using closely-spaced Laplacian derivations, it was possible to rule out volume-conduction effects, providing evidence that both rhythms are, in fact, independently generated by the underlying neocortical circuitry [28] . Whole-head MEG recordings assessing the distribution of the estimated sources of alpha and mu rhythms led to similar conclusions. The results indicate that alpha and mu rhythms have distinct spatial distributions [29] .
Further information is necessary to understand the origin and functional meaning of these waves in blind individuals.
As described in the results section, delta sleep was almost absent in the blind subjects. These observations are similar to those reported in another sleep study featuring a blind man where no explanation was given for this finding [8] . Experimental section of the two optical nerves in the baboon induced a significant decrease in delta sleep [30] . In this case, the delta sleep decrease was attributed to retinohypothalamic fiber degeneration.
On the other hand, EEG waves recorded from the scalp are produced by slow voltage changes (inhibitory and excitatory postsynaptic potentials) occurring synchronously in large groups of neurons [17, 31, 32] . The magnitude of these voltage changes is a function of both the size of the potentials generated by each neuron and the number of neurons varying synchronously. A decrease in the size of neuronal networks could therefore account for the reduction in delta wave amplitude in blind subjects, as it has been suggested for schizophrenic patients and elderly individuals [33] .
The aforementioned results are supported by information obtained from studies related to sleep pattern ontogeny in normal subjects, where high voltage waves of delta sleep follow a parallel development to that of cortical synaptic density [33] [34] [35] [36] .
The other physiological variables recorded in this study, EKG, respiratory rate and EMG did not vary significantly with respect to those of normal subjects.
Analysis of data
Although all sleep phases exhibited by control subjects were also present in the blind subjects, some significant quantitative differences were detected in total sleeping time and phase duration between the two groups of subjects. Total sleeping time shown by the blind subjects of this study was markedly lower than that observed in the controls and that reported by other authors in normal individuals [1] ( Table 1) . Similar low sleep values were reported in the study of a blind man [8] .
Slow wave sleep was the most affected phase showing a lightening in depth, since duration of N1 sleep stage was significantly longer than that reported by other authors for normal subjects [1] . This increment occurred at the expense of a highly significant reduction in delta sleep, considered the deepest stage of NREM sleep, which was almost absent. The N2 sleep stage showed normal duration.
A similar reduction in delta sleep and increase in light sleep was observed in baboons with optic nerve section, where sleep disturbances were attributed to retino-hypothalamic fiber degeneration [30] . Similar findings were obtained by other researchers [7] .
Although mean duration of the REM sleep episodes displayed by blind subjects was significantly longer than that in normal individuals, but the percentage of the total recording time spent in this sleep phase was similar to that in control subjects. These data are explained on the basis of their recurrence which was lower in the blind subjects.
In mammals, circadian rhythms, including that of sleepingwakefulness are controlled by cells located in the suprachiasmatic nucleus of the hypothalamus [11, 37, 38] . Light is one of the most powerful environmental factors that influences this internal biological clock through fibers originated in the retina [9, [39] [40] [41] . Blind individuals with no light perception are deprived of the influence of the light-dark cycle. This may account for the alterations observed in the sleep organization of blind subjects [42, 43] . However, alternative or complementary explanations may exist.
In conclusion, sleep disturbances previously described such as longer sleep latency, fragmented sleep, and short sleep duration, were confirmed in this study. Additionally, abnormal sleep architecture was observed since delta sleep stage is almost absent.
